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Abstract 
 
Contact electrification is generally referred to as the charge transfer process between particles 
during collisions. The transferred charge can be accumulated on the surface of the particles 
especially for insulating materials with irregular shapes, which can lead to a non-uniform 
charge distribution and eventually affects the charge accumulation process. In this study, in 
order to investigate the influence of the particle shape on contact electrification, a sphere-tree 
multi-sphere method and a contact electrification model are implemented into the discrete 
element method (DEM) to model the charging process of irregular particles in a rotating 
drum. Irregular particles with various Sauter mean diameters but the same maximum 
diameter and equivalent volume diameters are considered. The charge distribution and 
accumulation on the particles are investigated. It is found that the charge transfer originates 
from the contact between the particle and the drum due to the contact potential difference and 
                                                
ζ Presently with Department of Materials Science and Metallurgy, University of Cambridge, 
Cambridge, CB3 0FS, UK 
∗ Corresponding author: Tel: 01483683506. Email: c.y.wu@surrey.ac.uk 
2 
initially takes place primarily at the region near the wall of the drum. The charge eventually 
propagates to the entire granular bed. The charge of the particles increases exponentially to 
an equilibrium value. For particles with the same maximum diameter, a larger charging 
coefficient is obtained for the particles with smaller Sauter mean diameters and sphericities, 
which lead to a faster charge accumulation, while for particles with the same equivalent 
volume diameter and fill ratio, similar charging coefficients are observed. A non-uniform 
intra-particle charge distribution is induced on each individual multi-sphere particle. 
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1. Introduction 
 
Contact electrification is generally referred to as a charge transfer process between objects 
during collisions [1,2]. It occurs commonly in powder handling processes where particles can 
have intensive mechanical contacts. During the contact, electrostatic charges migrate from 
one surface to another and accumulate on the particles. The transferred charges can be 
retained on particle surfaces especially for insulating materials [3,4], which can lead to a non-
uniform charge distribution and eventually affect the charge accumulation process. The 
accumulated charges on particle surfaces will induce electrostatic interactions that can 
significantly influence the dynamic behaviours of particles, especially when the electrostatic 
forces become dominant over the gravitation of particles [5]. It can cause segregation [6], 
agglomeration [7–9], suspension [10] and even explosion [11] within the particle system. 
These phenomena are usually detrimental and can extremely diminish the performance of 
powder handling processes. Therefore, the investigation of the charge transfer and 
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accumulation is of the fundamental importance to minimize the electrostatic effects and 
improve the performance of powder handling processes.  
 
The charge acquisition and distribution within the particle system, which are also called inter-
particle charge acquisition and distribution, were investigated experimentally and numerically 
[2,12–14]. LaMarche et al. [12] examined the charging process of dielectric particles flowing 
through a metal cylinder and showed that the net charge on the particles increased linearly 
with an increase in the contact surface area between the particles and the cylinder, while the 
net charge density of the powder was greater in the region close to the wall compared with 
that at the centre. They attributed that the charge acquisition of the powder initially occurs 
primarily during the contact between the particles and the cylinder. However, it is extremely 
difficult to obtain detailed information from each particle in the dynamic system 
experimentally [15–17]. Therefore, the discrete element method coupled with computational 
fluid dynamics (DEM-CFD) has been widely used to explore the physical and mechanical 
behaviours of each individual particle and subsequent bulk properties of the particle system. 
Pei et al. [13] used the DEM-CFD implemented with a contact electrification (condenser) 
model to compute the charging process of particles in a fluidized bed. It was found that the 
electrostatic charge was initially generated after the impact between the particle and the 
container surfaces at side regions close to container surfaces due to different work functions 
between particles and container surfaces. Then the charge propagated from the side regions to 
the central region of the granular bed. Eventually, the charge of the particle system reached 
an equilibrium state. These phenomena were consistent with the experimental observations of 
LaMarche et al. [12] and Guardiola et al. [14].  
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The charging process becomes more complicated when particles of irregular shapes are used 
in powder handling process [18–22]. Yao et al. [18,19] investigated the effect of the particle 
shape on the charging process when the particle is sliding on the surface of a stainless steel 
pipe. In their study, the polyvinyl chloride (PVC) granules were made into triangular and 
trapezoidal shapes. Due to the shape difference, particles with larger sliding (contact) area 
obtained higher electrostatic charge. They also suggested that the particle orientation 
influenced the sliding velocity. The particles with an orientation which can induce a larger 
sliding velocity acquired high charge in the process. For insulating materials, the electrostatic 
charge can concentrate on the contact area and lead to an intra-particle charge distribution on 
the surface of each particle. Ireland [21] modelled the charge transfer between a 2-D elliptic 
particle and a tilted surface during impact using DEM. The surface of each particle was 
divided into segments and the charge was only transferred onto the segments inside the 
contact area because of the insulting nature of the particle. It was shown that for the contact 
electrification of an elliptic particle impacting (bouncing) on a surface, the particle with a 
lower roundness ratio (defined as the ratio of radii between the major axis and the minor axis) 
led to a larger contact area. In addition, the transferred charge was larger with a larger contact 
area, which meant that the contact and charge transfer process could be affected by particle 
shape. Pei et al. [20] investigated the intra-particle charge distribution of elongated particles 
in a vibrating container. Using the symmetric multi-sphere method [23], the elongated 
particle was approximated by a row of axisymmetric primary spheres with various sizes. Due 
to the shape effect, the elongated particles tend to be orthogonal to the vibrating direction and 
parallel to the top and bottom surfaces, which causes that the larger primary spheres have 
higher contact rates with container surfaces and other particles and consequently obtain 
higher charges especially at the early vibrating stage. In other words, for convex elongated 
particles, the central part of the particle was larger and easier to make contact with the 
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container surface and acquired charge, while for concave elongated particles, the distal part 
of the particle was larger and more vulnerable to get charged during the vibration. This 
reveals that the particle shape can cause non-uniform intra-particle charge distribution and 
consequently different charging behaviours. Matsuyama et al. [22] suggested that the induced 
potential difference was mainly induced by the local transferred charge at the contact area 
while the charge at the remote (rear) side to the contact area had less effect on the induced 
potential difference. Therefore, the particle shape can affect inter-and intra-particle charge 
distribution and accumulation. However, the study on these effects is still inadequate 
especially for more complex shapes and various powder handling processes.  
 
In this paper, charge distribution and accumulation of irregular particles in a rotating drum is 
analysed using DEM implemented with a contact electrification model. A multi-sphere 
method is used to approximate the particle shape that is illustrated in the next section. The 
particle profiles and charging process in the rotating drum are presented and discussed. In 
addition, the intra-particle charge distribution is also examined. 
 
2. Methodology 
 
2.1 The multi-sphere DEM model 
 
In practical powder handling processes, the shape of the particle is usually non-spherical and 
irregular. The irregular particle shape can lead to various dynamic behaviours and alter the 
charging process during powder handling processes. In the current study, to investigate the 
effect of the particle shape on contact electrification, the particle shape is approximated using 
a sphere-tree multi-sphere method [24,25]. For instance, the geometry of the particle can be 
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represented by a 3D object. Then the surface of the particle is meshed into triangular 
elements and the particle is represented using a polyhedron (Figure 1). The sphere-tree 
construction toolkit (http://isg.cs.tcd.ie/spheretree/) developed by Bradshow and O’Sullivan 
[25] is then used to construct the particle (multi-sphere) with a selection of primary spheres 
of various sizes to approximate the shape of the meshed particle.  
 
The medial axis approximation method is used to generate the multi-sphere assembled by 
primary spheres [25]. First, the surface of the polyhedron is sampled with a number of seeds 
as shown in Figure 1. Secondly a Vornonoi diagram with connected cells is constructed so 
that each Voronoi cell represents the region of space that is closer to its corresponding seed 
than any other seeds. Then primary spheres can then be generated within cells and scaled to 
fit the surface with optimised coverage, e.g. the smallest distance between the seeds and the 
surfaces of the primary spheres, as shown in Figure 2.  
 
A merge optimization method can also be used to control and reduce the number of primary 
spheres [25]. In this method, each pair of neighbouring spheres are merged and approximated 
by a new parent sphere that should contain the same set of surface seeds covered by the child 
neighbouring pair. This method can be iterated until the desired number of primary spheres is 
reached as illustrated in Figure 3. This method is particularly useful for generating a small 
number of primary spheres that can be implemented into DEM simulations to save 
computational time. However, the accuracy for the geometric approximation of this method 
depends on the number of the primary spheres which can be seen by comparing Figure 2 with 
Figure 3. The relative error between the volumes of the multi-sphere and the polyhedron can 
vary in a large range (e.g. 20% - 200%), depending on the approximation method and number 
of primary spheres [26]. 
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Due to the complex construction of primary spheres for a particle, it is difficult to determine 
the mass properties of the particles based on the multi-sphere model. As a first approximation, 
the mass properties of the particle can be calculated using the integral method [27] with 
respect to triangular elements of the polyhedron. This integral method can be further reduced 
to three steps: line integral, projection integral and surface integral. The approach 
(http://www.cs.berkeley.edu/~jfc/mirtich/massProps.html) developed by Mirtich [27] is used 
to calculate the mass properties of the polyhedron (particle), i.e. the location of the mass 
centre, the volume, and the inertia properties (principle moments of inertia and principle axes 
of inertia).  
 
Once the multi-sphere is constructed, each particle is imported into the DEM for further 
analysis. The connection (overlap) between primary spheres is considered as rigid. The 
contact detection is based on primary spheres. Contact forces and moments between primary 
spheres within different particles are calculated once the contacts between these primary 
spheres are determined. For elastic particles, the normal contact is modelled using Hertz 
theory [28], and that of Mindlin and Deresiewicz [29] is employed for the tangential 
interaction. The contact forces and moments are then integrated on the mass centre of the 
each particle in contact [23]. The dynamics of the irregular particles is calculated by 
Newton’s second law of motion.  
 
2.2. The contact electrification model 
 
Contact electrification process is referred to as the charge transfer between surfaces due to the 
potential difference during contacts. The transferred charge can induce electric field and 
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further polarization of the charge distribution on the particle surface. These effects play 
important roles in the charge transfer process. The contact electrification model in this DEM 
model is based on the primary sphere, which is similar to the model reported in Pei et al. 
[13,20]. When a contact occurs, the charge can be transferred from one surface to another due 
to the total potential difference which can be expressed as:   
 
'' VVVVVV jic −−=−=Δ      (1) 
 
where VΔ  is the total potential difference; Vc (=Vi - Vj) is the contact potential difference 
(CPD) between the surfaces; 'V  is the induced potential difference; Vi and Vj are the work 
function potential of material i and j, respectively.  
 
The induced potential difference is caused by the electric field between two charged objects 
and related to the local charge density distribution on surfaces of charged objects [22]. As 
shown in Figures 2 and 3, the overlaps between primary spheres are significant. A large 
portion of the surface of the primary sphere is buried inside the volume of the particle and 
does not contribute to the actual surface of the particle, which is different from the 
axisymmetric multi-sphere method [20]. Therefore, the induced potential between the wall 
surface and the charged primary sphere at the contact area is given as follows: 
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where Asp is the equivalent surface area of the primary sphere; qs is the charge of the particle; 
ε0 is the permittivity of a vacuum (8.854×10-12 F·m-1), z is the contact gap for tunnel 
relaxation of the order of a few nano-meters to hundreds of nano-meters [30], which is 130 
nm in the current study; ξ  is the image correction factor due to the polarization effects. The 
induced electric field can further polarize the surface and cause the image effects. If the 
image effects are considered, the induced potential difference can be affected by the image 
correction factor, depending on the dielectric properties and the contact gap (e.g. in range of 1 
– 10) [31]. In the current study, the wall surface is assumed to be conductive, so this image 
correction factor is set to 2 [2,31]. It should be noted that, according to Eqs. (1) and (2), the 
CPD will be eventually balanced by the induced potential difference that is determined by the 
charge of particles and the induced image effects. Therefore, the image correction factor can 
influence the final equilibrium charge on the particle. For instance, assuming that the CPD is 
constant, the final equilibrium charge decreases with the increase of the image correction 
factor. In other words, the dielectric properties and contact conditions can play important role 
in the charging transfer process.  
 
If two charged primary spheres of insulating materials are considered, then the induced 
potential difference can be determined as:  
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where siq  and sjq  are the charge of primary spheres i and j; spiA and spjA  are the equivalent 
surface areas of the primary spheres i and j, which can be defined as: 
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where Ap is the surface area of the particle; np is the number of the primary spheres; Asp is the 
equivalent area which is the mean division of the particle surface area by the number of 
primary spheres. It can be seen that the charge transfer depends on the local polarization of 
the particle, which is similar to the contact electrification model for the axisymmetric multi-
sphere method [20]. In the current study, primary spheres are assumed to be perfect insulators 
so the charge does not relax, transfer and redistribute between primary spheres. The contact 
gap between spheres, z is equal to 260 nm and the image effects between particles are ignore. 
The charge on particles (space charge) can induce electric field in the space, which will lead 
to electrostatic interactions between charged objects during the process. This electric field 
may further alter the charge transfer process. As relative large and insulating particles are 
used in the current study, the electrostatic interactions between objects are ignored, and 
consequently, the effect of space charge are also not considered. 
 
Based on the condenser model [2,13,32], the CPD (Vc =Vi - Vj) is the driving force for 
electron transfer between contacting surfaces. In each collision, the transferred charge is 
proportional to the maximum contact area and the total potential difference: 
 
VSkq ms Δ=Δ     (4) 
 
where Sm is the maximum contact area during the collision, ks is the charging constant during 
contact electrification and is of the order of 10-4 C·m-2·V-1 [32–34]. During a collision, the 
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charge will be transferred from material i to material j. Hence after each collision, the charge 
on these materials will become qsi-Δq and qsj+Δq, respectively.  
 
2.3. The model setup 
 
The contact electrification process of particles with arbitrary shapes in a rotating drum is 
modelled using the developed DEM with the contact electrification model. The model setup 
is shown in Figure 4. The cylindrical drum with a 3 mm diameter and 5 mm length is 
discretized into 504 triangular meshes. The contact interactions are detected and applied 
between particles and each triangular mesh [35]. Initially, 300 (multi-sphere) particles are 
deposited on the cylindrical surface of the drum until the granular bed is stable (i.e. the 
maximum particle velocity is smaller than 10-6 m·s-1). Then the drum will start to rotate 
around the x axis at 30 rpm. The contact electrification model will be applied once the drum 
starts to rotate.  
 
To investigate the effects of particle shape, 4 types of multi-spheres are used in the DEM 
simulations. The particles represented by polyhedrons are shown in Figure 5. Particle I, II, III 
and IV consist of 440, 744, 266, 544 triangular meshes, respectively. Then the corresponding 
multi-sphere to each particle is generated using the medial axis approximation as illustrated 
in Figure 5. Each particle is constructed with 8 primary spheres, respectively. Spherical 
particles (Particle V) are also used for reference and comparison.  
 
In order to characterize the particle size and shape, several particle parameters, including 
maximum diameter, Sauter mean diameter, equivalent volume diameter, and sphericity, are 
used to classify irregular particles.  
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The maximum diameter of the particle, Dmax, is defined as the largest distance between two 
vertices of the polyhedral particle. The surface area is determined as the summation of the 
areas of all triangular meshes. The volume of each particle is calculated using the integral 
method [27].  
 
The Sauter mean diameter (SMD) of the particle is defined as [36]: 
 
p
p
A
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632 =      (5) 
 
where 
pψ  is the volume of the polyhedron (particle); Ap is the surface area of the polyhedron 
(particle). From Eq. (5), it can be seen that D32 is related to the surface-to-volume ratio and is 
defined as the radio between the surface area and the volume of the particle. For the same 
maximum diameter, a smaller value of D32 results in a larger surface-to-volume ratio, which 
means larger active surface per unit volume.  
 
The shape of the particles are classified using the dimentionless sphericity of the particles [37] 
defined as:  
 
( )
p
p
A
3231 6ψπ
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From Eqs. (5) and (6), it can be seen that, for the same maximum diamter, a larger value of 
D32 will lead to a higher spherity. The sphericity of the spherical particles is 1.0.  
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The equivalent volume diameter, Dv, is defined as [38]: 
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It can be seen that equivalent volume diameter is the diameter of the sphere with the same 
volume as the irregular particle.  
 
In this study, particles with the same Dmax and Dv are used as shown in Tables 1 and 2. 
Particles with the same Dmax but different shapes (D32 and sphericity) can have different fill 
ratio that is the volume ratio between particles and the drum. For particles with the same Dmax, 
the influence of various particle shapes and fill ratio on the charge distribution and 
accumulation are analysed and discussed (see Results section). Particles with the same Dv and 
fill ratio are also used for comparison, especially for the charge accumulation process (see 
Discussions section). The physical properties of the particle and the drum are the same as 
those given in Table 3. The work functions of the particles and the drum are 4.52 and 4.7 V, 
respectively. When the drum starts to rotate, the charge will be transferred between the 
particles and between the particle and the drum. In reality, the charge accumulation on 
particles takes much more time to reach saturation, which is extremly computationally 
expensive for DEM simulations. Consequently, the charging constant ks is set to 0.02 C·m-
2·V-1 in order to accelerate the charging process in the DEM smulations. The charge is 
assumed to be attained by the primary sphere and is not re-distributed onto other primary 
spheres and dissipated to the environment. In addition, the electrostatic interactions are also 
ignored in this study.  
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3. Results 
 
3.1. The particle profiles 
 
Figure 6 shows the perspective view of particle I (D32 = 3.72×10-4 m) profiles during the 
drum rotation from the x direction. Initially (Figure 6a), the particles lay on the cylindrical 
surface of the drum. When the drum starts to rotate, the granular bed follows the movement 
of the cylindrical surface of the drum and forms an inclination angle with the x-z plane. As 
the angle increases, particles start to roll down along the inclined surface (Figure 6b). When 
the inclination angle is sufficiently large, particles at the top cascade down to the bottom of 
the drum (Figure 6c). As the drum rotation continues, this process repeats and the particles 
are mixing and making contact with each other. Various types of particles show similar 
kinematic behaviours. The fill ratio defined as the total volume of the particles divided by the 
volume of the drum is calculated and given in Table 1. Clearly, with a smaller particle 
volume, the fill ratio is smaller, which results in a lower fill height of the granular bed.  
 
3.2. The charge distribution 
 
Figure 7 presents the charge distribution for the particle I of D32 = 3.72×10-4 m in the rotating 
drum at t = 0.33 s. It can be seen that the charge distribute non-uniformly in the granular bed. 
At the early stage of the drum rotation, the particles at the inclined surface of the granular bed 
possess little charge (Figure 7a). On the contrary, the charges of particles close to the drum 
wall are much higher. This indicates that the charges are initially generated from the contact 
between the particles and the drum wall at the region close to the drum surface. The charge is 
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also higher at the region near the side wall of the drum. In addition, the charge on each 
primary sphere varies, implying that the charge distribution of each particle is not uniform.   
 
Figure 8 presents the charge evolution for the particle I (D32 = 3.72×10-4 m) in the granular 
bed during the drum rotation from the A-A view as indicated in Figure 7. It clearly shows that 
the charge is initially generated at the layer close to the cylindrical surface of the drum 
(Figure 8a), which is corresponding to Figure 7. As the drum rotates, the charged particles 
move with the drum to the top of the granular bed (Figure 8b) and then roll down along the 
inclined surface of the granular bed, which cause the particles to mix with each other and 
charge transfer between particles. The charge in the granular bed gradually evolves from the 
region near the drum walls to the inclined surface of the granular bed. The charge distribution 
eventually becomes uniform and the charges of the particles are saturated as indicated in 
Figure 8c.  
 
Figure 9 shows the charge distribution in the drum with various particles at t = 1.6 s from the 
A-A view as indicated in Figure 7. Comparing with Figure 8b, the charge distribution for 
various shaped particles appears to be similar in the drum. The charge of the particles close to 
the walls of the drum is higher and the charge of the particles close to the inclined surface of 
the granular bed is lower except the spherical particles (Figure 9d). However, the saturation 
levels of the charges for various shaped particles are different at the same time instant. 
Specifically, the particles with a larger SMD accumulates less charge compared with their 
own equilibrium value as shown in Figures 9a, 9b and 9c This indicates that particle shape 
can affect the charging transfer rate.  
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The charge density distribution is further determined and mapped on the polar coordinate. 
The centres of all primary spheres are projected onto the z-y plane along x direction in polar 
coordinates as shown in Figure 10. As only the centres of the primary spheres are projected 
on the polar coordinate and a small number of particles is used, a few layers of the centres of 
the primary spheres are shown in Figure 10. To show the contour of charge density 
distribution continuously in the radial direction, a relatively large grid size and a small 
number of grids (5 layers) in radial direction was chosen. In this study, the polar coordinate 
with the radius of 0.0015 m is divided into 5×20 grids in the radial and circumferential 
directions respectively as in Figure 10. In each grid, the charge density can be defined as: 
 
g
n
i
si
g A
q
s
∑
== 1σ       (8) 
 
where Ag is the grid area; qsi is the charge of the primary sphere of which the centre is 
mapped into the corresponding grid; ns is the number of primary spheres mapped into this 
grid. It can be seen that the charge density represents the charge concentration of this grid 
along the x axial direction.  
 
Figure 11 presents the evolution of the charge density distribution (C·m-2) for the particle I 
(D32 = 3.72×10-4 m). It is clear that the charge is initially generated from the region close to 
the drum wall (Figure 11a) and then evolves to the inclined surface of the granular bed until 
the charge density of the particles reaches the equilibrium value (Figures 11b, 11c and 11d). 
 
Figure 12 shows the charge density distribution of various particles in the drum at t = 1.6 s. 
Particles with different shapes present different charge density distributions. For the particles 
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with larger SMDs and larger sphericity, the charge density concentrates at the cylindrical 
surface of the drum and the saturation level of the charge is relatively smaller (Figures 12a 
and 12b). However, for the particles with a smaller SMD, a higher charge density in the 
entire granular bed is obtained (Figure 12c). Exceptionally, the charge density of the 
spherical particles is much higher than the other particles.  
 
3.3. The charge accumulation 
 
Figure 13 shows the charge accumulation processes for various particles during the drum 
rotation. The charge gradually increases and reaches an equilibrium state. However, the 
equilibrium charges of particles vary with different D32. Specifically, for the particles with 
the same Dmax, a larger D32 leads to a greater equilibrium charge. Figure 14 shows the 
corresponding evolution of the charge-to-mass ratio of the various particles. It can be seen 
that the equilibrium charge-to-mass ratio of the particles also varies with D32. However, a 
larger D32 leads to a smaller equilibrium charge-to-mass ratio.  
 
4. Discussions 
 
4.1 Surface charge density for particles with same Dmax and Dv 
 
The charge distribution of various shaped particles in the rotating drum shows a similar 
pattern despite the different fill ratios and that the particles have the same material properties. 
Because of the contact potential difference between the particles and the drum, the charge is 
initially transferred between the particles and the drum wall as shown in Figure 8a rather than 
between particles. Moreover, the particles move with the drum as it rotates due to the friction 
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between the particles and the drum until the inclination angle of the granular bed is 
sufficiently large that the particles at the top start to roll down to the bottom. The charged 
particles are mixed in the granular bed and make contacts with other particles, which 
promotes charge transfer. As the charge on particles accumulates, all particles are eventually 
charged to an equilibrium state (Figure 13). Hence it can be seen that the charge of the 
granular bed gradually increases from the region near the wall of the drum to the inclined 
surface of the granular bed as shown in Figure 8 and Figure 11.  
 
The charge of particles gradually increases to an equilibrium value. However, the equilibrium 
charge of particles depends on particle shape. According to Eq. (4), the equilibrium charge of 
a particle is proportional to the surface area of the particle, implying that the equilibrium 
mean surface charge densities of particles with different D32 are equal [20]. In addition, the 
mean surface charge density during the process can be defined as a function of time as 
follows: 
 
( )tkptkpp cc ee −∞− −+= 10 σσσ      (9) 
 
where  and  are the initial mean surface charge density and the equilibrium mean 
surface charge density and kc is the charging coefficient. 
 
Figure 15 shows the evolution of the mean surface charge density of various particles. The 
solid line is the fitting line of Eq. (9). The mean surface charge density of the particles 
increases exponentially to the same equilibrium state with different charging coefficients. The 
charging coefficients and the related SMDs and sphericity are listed in Table 4. Generally, for 
particles with the same Dmax, a smaller D32 and sphericity leads to a larger charging 
0pσ ∞pσ
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coefficient, which means that a particle with a smaller D32 will become charged more rapidly 
than those with a larger D32. Although particles have the same maximum diameter, a smaller 
D32 leads to a smaller particle volume and a smaller fill ratio as shown in Table 1. Due to the 
smaller fill ratio, particles with a smaller D32 can mix more effectively in the rotating drum. 
In addition, a smaller D32 leads to a larger surface-to-volume ratio, and relatively more 
contacts on the surface of the particle. Therefore, for particles with the same Dmax, a smaller 
D32 results in a faster charge accumulation.  
 
However, particles with the same equivalent volume diameter but different shapes have 
different charge accumulation behaviour from those with the same maximum diameter. The 
model setup of the charge accumulations for the particles with the same equivalent volume 
diameter is the same as in Section 2.3 and Table 2.  
 
Figure 16 shows the mean surface charge density of various particles with the same Dv. Once 
again, the solid line is the fitting line of Eq. (9). The mean surface charge density of various 
particles increases exponentially to the same equilibrium value. Generally, for particles with 
the same Dv, the surface charge density of particles with a larger D32 (D32 = 3.16×10-4 m) 
increase faster than that with a smaller D32 (D32 = 3.03×10-4 m), indicating that a larger D32 
can lead to a faster charge accumulation. However, it is found that the surface charge density 
of particles with D32 = 2.99×10-4 m increases faster than that with D32 = 3.03×10-4 m. In 
addition, the differences between the charging coefficients of various particles with the same 
Dv (Table 5) are relatively small, compared with those for various particles with the same 
maximum diameter (Table 4).  
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The effect of D32 for various particles with the same Dv on the charging process is different 
from that with the same maximum diameter. In Section 2.3, a smaller D32 leads to a smaller 
particle volume and a smaller fill ratio. Due to the smaller fill ratio, particles with a smaller 
D32 can mix more effectively in the rotating drum and get charged more rapidly. In this 
section for particles with the same Dv, the fill ratios in the rotating drum for various particles 
are identical. Therefore, the differences between the charging coefficients of various particles 
with the same Dv are relatively small. In addition, a larger D32 lead to a larger sphericity. 
Particles with larger sphericity may tend to rotate and roll in the rotating drum more easily, 
which can result in a faster charging process. However, it can be seen that the difference 
between the charging coefficients is relatively small in this case.  
 
The charge distribution and accumulation of particles in this numerical study are in broad 
agreements with experimental investigations reported in the literature. During the drum 
rotation, the charge propagates from the wall to the centre. This is consistent with the 
experimental observation [12] that the charge is larger on the particles close to the wall 
surface when they flow through a metal cylinder. The charge and charge-to-mass ratio can 
reach equilibrium after a period of mixing or blend as shown experimentally [39,40]. In 
addition, the smaller particles tend to have a faster charging process and a higher charge level 
(net charge or charge-to-mass ratio), as predicted by this current study. However, Šupuk et al. 
[41] suggested that when the electrostatic interactions between particles and space charge 
effects on the charge transfer are considered, the level of equilibrium charge can be reduced. 
Therefore, the electrostatic interactions and space charge effects need to be considered in 
future studies, especially for fine particles and binary mixtures. 
 
4.2 The intra-particle charge distribution 
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In this study, the particle shape is represented by 8 primary spheres. During the process, the 
charge on each primary sphere of the (multi-sphere) particle varies, especially at the earlier 
stage (Figure 17). In other words, the non-uniform intra-particle charge distribution is 
observed. To characterise the intra-particle charge distribution, the mean relative intra-
particle charge deviation is defined as: 
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where nsp is the number of primary spheres in each (multi-sphere) particle, which is 8 in the 
current study;  is the mean charge of all primary spheres with the index of i within each 
multi-sphere (nsp = 8);  is the mean charge of all primary spheres in the particle system. 
The mean relative intra-particle charge deviation represents the ratio of mean charge 
deviation within multi-spheres to the mean charge of all primary spheres. A smaller value 
means that the charge distributes more uniformly on the multi-sphere particles while a larger 
value indicates that the charge on the primary spheres with specific indices is largely different 
from other primary spheres in the particle system.  
 
Figure 18 shows the evolution of the relative intra-particle charge deviation of particles with 
the same maximum diameter and equivalent volume diameter. Initially, the charge of 
particles is zero and the deviation is also zero. When the drum starts to rotate, the deviation 
increases rapidly. This is because that only a few primary spheres on particles collide with the 
cylindrical surface of the drum and get charged earlier than others as shown in Figure 8a. 
siq
sq
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These primary spheres are non-uniformly distributed and consequently a larger relative intra-
particle charge deviation occurs. However, when particles start to move with the rotation of 
the drum, they mix and collide with each other. The deviation decreases rapidly to a 
negligible level. For instance, the value of the deviation is smaller than 5% within less than 1 
s. Generally, in the particle system, the charge distributes uniformly over primary spheres for 
all multi-sphere particles. However, it should be noted that non-uniform charge distribution 
on each individual multi-sphere is still observed. This implies that all primary spheres in the 
particle system have similar probability to acquire charge, but the primary spheres within 
each multi-sphere can be charged differently (Figure 17). Both particles with the same 
maximum diameter and equivalent volume diameter show similar evolution pattern on the 
relative intra-particle charge deviation. 
 
An exceptional case in this study is that the spherical particles (D32 = 4.00×10-4 m) have a 
larger charging coefficient, compared with the particles of D32 = 3.72×10-4 m, although both 
particles have a similar shape (D32 and sphericity). The spherical particle (D32 = 4.00×10-4 m) 
is treated as one sphere with a uniform charge distribution on the surface and the induced 
potential difference is determined by the uniform distribution [13]. However, the multi-
sphere particle is treated as an assembly of primary spheres on which the non-uniform charge 
distribution is observed, as shown in Figure 18. Matsuyama et al. [22] suggested that the 
induced potential difference is mainly affected by the local initial charge at the contact area 
while the charge at the remote (rear) side to the contact area has less effect on the induced 
potential difference. Therefore, for particles approximated using multi-spheres, the induced 
potential difference is only determined by the charge on the local primary sphere (Eq. (2)). 
Consequently, the charging coefficients of the spherical particle (D32 = 4.00×10-4 m) and the 
multi-sphere particle (D32 = 3.72×10-4 m) are different. This implies that the charging process 
23 
of particles with non-uniform intra-particle charge distribution is different from the particles 
with uniform intra-particle charge distribution. In this study, the particle shape is represented 
using only 8 primary spheres. A more accurate approximation and the effect of the number of 
primary spheres, e.g. more primary spheres for one particle, needs to be considered. In 
addition, how particle shape alter the mode of contact (sliding, bouncing and rotating) [21, 42, 
43] and the relevant charging process also need further investigation.  
 
5. Conclusions 
 
In this study, a sphere-tree multi-sphere method and a contact electrification model are 
implemented into the DEM to simulate the charging process of irregular particles in a rotating 
drum. The charge distribution and accumulation of irregular particles are investigated. For all 
particles, the charge transfer originated from the contact between a particle and the drum 
because of the contact potential difference. The charge is initially concentrated at the region 
near the drum wall and then propagates to the entire granular bed. Particles with the same 
maximum diameter, smaller SMD and sphericity have a larger charging coefficient, which 
leads to a faster charge accumulation. Eventually, all particles with various SMDs obtain the 
same surface charge density. However, for particles with the same equivalent volume 
diameter, it is found that the charging coefficients are relatively similar due to the same fill 
ratio. The non-uniform intra-particle charge distribution is observed for each individual 
multi-sphere particle during the charge accumulation process. It is clear that the particle 
shape plays an important role in charge transfer during powder handling processes.  
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Figure 1  The meshed particle with sample seeds on the surface. 
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Figure 2  The multi-sphere generated with 500 primary spheres using the medial axis method. 
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Figure 3  The multi-sphere generated with 10 primary spheres using merge optimization. 
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Figure 4  The model setup of the rotating drum. 
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(a) Particle I   (b) Particle II 
 
(c) Particle III    (d) Particle IV 
Figure 5  The multi-spheres used in DEM simulation. 
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(a) t = 0.0 s   (b) t = 0.33 s   (c) t = 0.63 s 
Figure 6  The profiles of particle I (D32 = 3.72×10-4 m) during the drum rotation. 
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(a) front view     (b) back view 
Figure 7  The charge distribution for the particle I (D32 = 3.72×10-4 m) at t = 0.33 s. 
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(a) t = 0.33 s    (b) t = 1.6 s 
 
(c) t = 3.0 s    (d) t = 5.0 s 
Figure 8  The charge evolution for the particle I (D32 = 3.72×10-4 m). 
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(a) Particle II (D32 = 3.45×10-4 m)   (b) Particle III (D32 = 3.04×10-4 m) 
 
(c) Particle IV (D32 = 2.71×10-4 m)  (d) Particle V (D32 = 4.00×10-4 m) 
Figure 9  The charge distributions in the drum with various particles at t = 1.6 s. 
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Figure 10  A illustration of the polar coordinate.  
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(a) t = 0.33 s    (b) t = 1.6 s 
 
(c) t = 3.0 s    (d) t = 5.0 s 
Figure 11  The evolution of charge density distribution (C·m-2) for the particle I (D32 = 
3.72×10-4 m). 
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(a) Particle II (D32 = 3.45×10-4 m)  (b) Particle III (D32 = 3.04×10-4 m) 
 
(c) Particle IV (D32 = 2.71×10-4 m)  (d) Particle V (D32 = 4.00×10-4 m) 
Figure 12  The charge density distribution (C·m-2) of various particles t = 1.6 s. 
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Figure 13  The charge accumulation of various particles. 
 
  
43 
 
 
Figure 14  The evolution of charge-to-mass ratio for various particles. 
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Figure 15  The evolution of mean surface charge density for various particles. 
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Figure 16  The evolution of mean surface charge density of various particles with the same 
Dv. 
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(a) Particle I (D32 = 3.72×10-4 m)  (b) Particle II (D32 = 3.45×10-4 m) 
 
(c) Particle III (D32 = 3.04×10-4 m)  (d) Particle IV (D32 = 2.71×10-4 m) 
Figure 17  Typical intra-particle charge distribution of various particles at t = 1.66 s. 
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(a) 
 
 
(b) 
Figure 18  The relative intra-particle charge deviation of particles: (a) the same maximum 
diameter and (b) the same equivalent volume diameter. 
 
 
